Abstract: A series of consolidated-undrained tests was carried out on compacted loess with a hollow cylinder torsional shear apparatus to investigate the stress-strain characteristics and the strength behavior of the compacted loess under different stress paths. Two kinds of stress paths were considered in these tests, including directional shear tests with fixed principal stress axes and shear tests under pure principal stress axis rotation. Test results reveal that the stress-strain curves of the compacted loess under these two kinds of stress paths followed a similar trend, in which two shear stages were observed. In the first shear stage, with the increase of the generalized shear stress, the generalized shear strain developed relatively slowly and the specimen of the compacted loess showed a rigid response. With the further increase of the shear stress, an obvious turning point appeared and the second shear stage started. In the second stage, the generalized shear strain began to develop rapidly and the specimen showed a ductile response. The results also reveal that when the directional shear was applied to the specimens of compacted loess under different principal stress directions, there was a large difference in the generalized shear stress -strain curves and the specimens showed significant anisotropic behavior. A compared with the specimens not subjected to the principal stress axis rotation, the specimens subjected to the principal stress axes rotation had remarkably higher strength. In addition, the specimens of the compacted loess had different levels of strength when they were tested at different shear rates. The decrease of the shear rate had a slight influence on the increase of the shear strength of the compacted loess.
INTRODUCTION
Principal stress axis rotation has an influence on soil behavior in engineering practice, such as embankments, dams, foundation pits, etc. This topic has attracted many researchers' attention. e.g., the influence of principal and intermediate principal stress direction on the stress-strain-strength behavior of soil (Md. Kumruzzaman and Jian-Hua Yin. 2010; Mitsutoshi Yoshimine et al., 1998) , the effect of rotation of principal stresses on the three-dimensional mechanical of clay (Han Lin et al., 2005 ; S. Nishimura et al., 2007) , an influence of principal stress axis rotation on soil behavior of sand (Kinya Miure et al., 1986; S. Sivathayalan and Y.P. Vaid, 2002) , the flow deformation behavior of sand subjected to principal stress rotation (Yukio Nakata et al.,1998) , the effects of dranined and undrained principal stress rotation on the behavior of a saturated medium-loose sand (M.J. Symes et al.,1984 ; M.J. Symes et al., 1988) , the influence of initial angles of principal stress on dynamic shear-strain relations of loess and the compaction loess anisotropy orientation under shear stress path (Wang, Zhijie et al., 2013; Chen, Wei et al., 2015) . In order to investigate the soil behavior in a more realistic and general stress state, the magnitude and the direction of each principal stress applied on the soil element should be controlled independently. A hollow cylinder apparatus (HCA) can control the axial stress and the torque coupling and have independent control of the magnitude and the direction of the principal stresses. Therefore, the HCA has been widely used to investigate soil characteristics under complex stress conditions, such as the rotational principal stress.
With the increase of construction projects in the loess area in the Qing-Tibet plateau region, how to reasonably evaluate the influence of the principal stress rotation on the strength and the deformation of loess has become increasingly important. In order to understand the stress-strain characteristics of the compacted loess under a complex stress path, this paper presents a series of consolidated-undrained shear tests on the typical loess specimens from Xining in the Qinghai province and discusses the effect of the principal stress axis rotation during the tests.
TEST DESIGN

Test apparatus
The hollow cylinder apparatus at Zhejiang University (ZJU-HCA) was used in this study. Based on these stresses, the principal stresses, including the major principal stress, the middle principal stress, and the minor principal stress, and the directional angle of the major principal stress can be obtained by analyzing the mathematical relationship between all these stresses. The relationships among the axial stress, the circumferential stress, the radial stress, the shear stress, and the principal stresses can be found in Zhou et al., (2014) . In this paper, two kinds of stress paths are considered, i.e. directional shear with fixed principal stress axes and shear under pure principal stress axis rotation. These two stress paths can be achieved under the HCA Stress Path module by varying the average principal stress p , the principal stress coefficient b , the shear stress q , and the principal stress directional angle : 
（4）
In the directional shear tests, the average principal stress p , the principal stress coefficient b , and the principal stress direction angle  are kept unchanged while the shear stress q is increased until the specimen fails. For the tests under the condition of pure principal stress axis rotation, the average principal stress p and the principal stress coefficient b are kept unchanged while the principal stress directional angle α and the shear stress q are changed. The shear stress q is first increased up to 50 kPa and then held constant when the principal stress axis of the specimen is rotated until reaching the desired angle. After that, the direction of the principal stress remains the same and the shear stress q is increased until the specimen fails.
Preparation of soil specimens
The loess used in this paper was taken from a construction site at Xining, Qinghai in China. Its physical properties are shown in Table 1 . The natural loess was first sieved by passing a 2 mm sieve size, dried, and then mixed with water to get a moist soil at a moisture content of 15%. The moist loess was compacted in a hollow cylindrical mold into a specimen size of 200 mm × 100 mm × 60 mm (height × outer diameter × inner diameter). The loess was compacted in 10 layers and each layer had 180.86 g moist soil sample, which was compacted into about 2 cm thick. Finally, a hollow cylinder specimen as shown in FIG. 1 was obtained. The density of the hollow cylinder specimen used in this study was about 1.8 g/cm 3 . Considering the sampling depth, all the specimens used in this study were consolidated first to eliminate the effect of over-consolidation. The specimens were consolidated under a confining pressure of 200 kPa to generate isotropic consolidation. The procedure of the consolidation test followed the Soil Testing Standard of China (GB / T 50123-1999) . In this standard, the consolidation process was considered complete when the rate of the axial displacement was no more than 0.01 mm per hour.
Test plan
The test plan for directional shear tests in a fixed direction of the principal stress axis is shown in Table 2 . The purpose of these tests was to evaluate the effect of the directional shear stress path on the stress-strain characteristics of the compacted loess and to examine the effect of the principal stress axis rotation. Two specimens, T200 and T208, were used. The stress paths of the directional shear tests were set in the HCA stress path module. First, the average principal stress p , the principal stress coefficient b , and the shear stress q were preset as 200 kPa, 0.5, and 5 kPa, respectively. Then, the principal stress direction angle α was adjusted to the target value for each specimen, as shown in Table 2 . If the value needed to be debugged, the debugging time was about 15 minutes. When the aforementioned four parameters were all close to the target values, the commissioning phase was considered complete. After that, the shear stress q was increased at a rate of 2 kPa/min while the p , b and  were kept unchanged. The test was finished until the specimen failed. The test plan for the shear tests considering the rotation of the principal stress axis is shown in Table 3 . Two rotation modes were considered in this study, i.e., the forward rotation and the backward rotation. The forward rotation means the principal stress direction angle  increases from a smaller value to a larger value while the backward rotation means the decrease of the principal stress direction angle . The stress paths for the forward rotation and the backward rotation are shown in FIG. 3 . The shear tests on specimens R1 and R2 were conducted under the forward rotation while the tests on specimens R3 and R4 were conducted under the backward rotation. The preset parameters in the HCA stress path module of specimens R1 and R2 were: . The debugging time was about 15 minutes for all the tests. When these parameters were close to the required values, the commissioning phase was considered complete. Then, the average principal stress p and the principal stress coefficient b were kept unchanged while the shear stress q and the principal stress direction angle  were changed to achieve the set stress paths in FIG. 3 . The increasing rate of the shear stress q was 2 kPa/min and the rotation rate of the principal stress axis was set as required in Table 3 . The procedure for the shear tests under the forward rotation was as follows. First, the principal stress direction angle was set to 0   and the shear stress q was increased from 5 to 50 kPa. Then, the shear stress was kept constant and the principal stress axis was rotated from 0° to the target angle 80° at a required rate. Finally, the direction of the principal stress axis remained the same and directional shearing was conducted on the specimen until failure. 
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TEST RESULTS AND ANALYSIS
Generalized shear stress and shear strain of compacted loess
An element on the hollow cylinder specimen has four strains: the axial strain z  , the circumferential strain   , the radial strain r  , and the torsional shear strain z  . In order to reflect the combined effect of these strains, a generalized shear stress and a generalized shear strain of each specimen are considered in this paper. The equations of the generalized shear stress and the generalized shear strain are presented as follow: 4 shows the relationship between the generalized shear stress and the generalized shear strain. The stress-strain curves almost follow the same trend under the two kinds of stress paths considered in this study. Two shear stages are observed from these curves. In the first shearing stage, with the increase of the generalized shear stress, the generalized shear strain developed relatively slowly and the specimen of the compacted loess showed a rigid response. With the increase of the shear stress, an obvious turning point appeared and the second shear stage started. In the second stage, the generalized shear strain began to develop rapidly and the specimen showed a significant ductile response. FIG. 4 also shows that for specimens T200 and T208, when a directional shear was applied along different principal stress directions, a significant difference existed in the generalized shear stress-strain curves and the specimens show significant anisotropic behavior.
Comparing the specimen T208 with the specimens R1 and R2, it can be found that the specimen of the compacted loess subjected to the principal stress axis rotation shows a higher strength than that not subjected to the principal stress axis rotation. The same results could be obtained from the comparison between the specimen T200 and the specimens R3 and R4.
Meanwhile, it can be found that the rotation rate of the principal stress axis had an influence on the shear strength of the compacted loess. The strengths of the specimens R1 and R3 at a rotation rate of 2°/min were lower than those of the specimens R2 and R4 at a rotation rate of 0.8°/min. This result means that a smaller rotation rate of the principal stress axis led to a higher shear strength of the compacted loess. In addition, the rotation direction of the principal stress axis had an effect on the shear strength of the compacted loess. Therefore, in construction practice, more attention should be paid to the influence of the stress path on the soil strength.
CONCLUSIONS
This paper reports a series of tests of the principal stress axis rotation were conducted on the compacted loess in a hollow cylinder apparatus. Based on the test results, the relationship between the stress and the strain of the compacted loess and its strength characteristics are discussed. From this study, the following conclusions can be made:
(1) The stress-strain curves of the soil specimens almost followed the same trend under two kinds of stress paths. In the first stage of shear, the generalized shear strain developed more slowly than the generalized shear stress and the specimen showed a rigid response. With an increase of the stress, the stress-strain curves show large variations and the strain began to develop rapidly. In the second stage of shearing, the specimen had a ductile response.
(2) When the directional shear was applied along different principal stress directions, there is an obvious difference in the generalized shear stress -strain curves and the specimen showed significant anisotropic behavior.
(3) The specimen subjected to the principal stress axis rotation had a much higher strength than that not subjected to the principal stress axis rotation. In addition, the specimens under different shear rates had different levels of strength. The decrease of the shear rate increased the soil strength at a modest rate.
